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Abstract 
This paper presents the analysis of the electric propulsion system used in Underwater Robotic Research Group’s (URRG) - Autonomous 
Surface Vessel (ASV) at different Pulse Width Modulation (PWM) values. The system is driven by two propellers that are each coupled 
to a DC electric motor. An experiment has been conducted to observe the relation between the PWM values and the thrust produced by 
the propulsion system. A Statistical Design of Experiment (DOE) method; known as the Completely Randomized Design (CRD), was 
used to plan the experiment in order to improve the validity of the experimental data. The statistical methods known as the One-Way 
Analysis of Variance (ANOVA), Fisher’s Least Significant Difference (LSD), and regression were used to analyze the data. The analysis 
showed that the PWM values have a significant effect on the mean amount of thrust. The amount of thrust increases linearly as the PWM 
value increase by 0.28 for 5% increase in PWM value.  
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1. Introduction  
The Underwater Robotic Research Group’s (URRG)-Autonomous Surface Vessel (ASV) is a floating vessel developed 
by the URRG for autonomous bathymetry survey at shallow water areas. The ASV is electrically powered, deriving its 
energy from batteries. The vessel is driven by two electric motors placed at the rear of the vessel. Without any rudder, the 
vessel’s course is controlled by the differential thrust produced by the propellers. The propeller shafts are coupled to electric 
motors whereby the speeds of the latter are controlled by the Pulse Width Modulation’s (PWM) duty cycle value (in 
percentage) from the microcontroller. The propellers and the motor constitute the thrusters [1]. 
Fig. 1 shows the propulsion system block diagram. The left and right thrusters are separately powered using 12V, 12Ah 
lead acid batteries. Due to the capacity limit of the batteries, it is important to study the characteristic of the propulsion 
system to improve its efficiency so as to minimize the power usage from the batteries. From this study, we can identify 
whether both thrusters are identical or not. Knowledge of the latter is important when controlling the ASV’s course. Besides 
that, the relation between the PWM values and the output thrust can be quantified. 
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Fig.1. Propulsion system block diagram 
An experiment was designed for the study using a Statistical Design of Experiment (DOE) method known as the 
Completely Randomized Design (CRD). DOE refers to the process of designing or planning the experiment so that 
appropriate data that can be analyzed by statistical methods will be collected, resulting in valid and objective conclusions 
[2]. A well-designed experiment is important because the results and conclusions that can be drawn from the experiment 
depend to a large extent on the manner in which the data were collected. CRD is used because the experiment involves only 
one control input i.e. PWM. 
This paper is organized as follows. Section 2 shows the experimental setup and the procedures followed in the 
experiment. Section 3 present the results from the experiment and statistical methods used to analyze the data. Finally, 
section 4 presents the conclusions that can be obtained from the experiment.  
2. Experiment  
The experimental setup is as shown in Fig.2. In this experiment, the propulsion system which is composed of the motor 
and the propeller were attached together and coupled with the load cell. Load cell is a device used for converting 
mechanical force into electric signals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Experimental setup 
The output or response of the propulsion system is the thrust (Kg) which is produced by the propeller and the motor. The 
controllable input is the different percentages of PWM duty cycle as shown in Table 1. 
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                                                                      Table 1. Levels for PWM 
Level PWM Duty Cycle (%) 
1 20 
2 25 
3 30 
4 35 
5 40 
6 45 
7 50 
8 55 
9 60 
10 65 
11 70 
12 75 
13 80 
14 85 
15 90 
16 95 
17 100 
 
The DOE principles of randomization and replication were applied in the experiment in order to improve the validity and 
efficiency of the experimental data. Randomization was applied by randomly determining the order of performing the 17 
PWM levels. MATLAB software was used to generate the randomization order. Randomization helps to guarantee that all 
PWM levels have an equal risk of being affected by uncontrollable variables such as the noise caused by the circulation of 
water in the tank.  
Replication was applied by repeating the experiment three times.  A different randomization order was generated for 
each repetition of the experiment. Replication helps to provide an estimation of the experimental error as well as a more 
precise estimation of the output or response. Experimental error is the variability in the output reading when the same PWM 
level is repeated more than once under essentially the same settings. 
The experiment was carried out in accordance with the following procedure: 
 
1. Thruster comprising the motor and fan are attached with the load cell (Fig.2). Thruster was   placed 0.4 meters from the 
water surface.  
2. The experimental setup shown in Fig.2 was used. 
3. The percentage of PWM duty cycle was set according to random order or sequence generated by MATLAB software. 
4. The system is switched ON and the output reading is recorded. 
5. The next percentage of the PWM is set. Run the system. 
6. Complete all PWM percentages in replication 1. 
7. Steps 3 to 7 were repeated for replications 2 and 3. 
 
Statistical analysis of the data was performed in Minitab® 16 software [3] using the following options: 
 
1. One-way analysis of variance (ANOVA). 
2. Fisher’s one-way multiple comparisons. 
3. Linear regression fitted line plot. 
3. Results & Discussion  
This section presents the results from the experiment as well as from the statistical analysis. From the experimental 
results (Table 2), the average thrust (Kg) for the left and right thrusters increases when the PWM percentage increases. 
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                                                        Table 2. Experimental Results 
PWM % Average Thrust (Kg) 
Left Right 
20 0.26 0.26 
25 0.54 0.54 
30 0.82 0.81 
35 0.89 1.12 
40 1.18 1.44 
45 1.57 1.74 
50 1.80 2.08 
55 2.08 2.33 
60 2.35 2.58 
65 2.58 2.89 
70 2.86 3.16 
75 3.12 3.37 
80 3.32 3.57 
85 3.64 3.87 
90 3.97 4.26 
95 4.61 4.89 
100 4.91 5.35 
3.1. Analysis of Variance (ANOVA) 
In ANOVA, the appropriate null hypothesis and alternate hypothesis are as follows; 
                                                                                  ܪͲǣߤͳ ൌ ߤʹ ൌ ڮ ൌ ߤͳ͹ (1) 
ܪͳǣߤ݅ ് ߤ݆  
Where ߤ݅  and ߤ݆  represent the average thrusts for different PWM percentages, ݅ǡ ݆= 1, 2, 3…17 
 
The ANOVA for the left and right thrusters are shown in Tables 3 and 4. 
               Table 3. ANOVA for the left thruster 
Source of Variation Degree of 
Freedom 
Sum of Squares Mean Square F0 P-Value 
PWM 16 96.82099 6.05131 1499.54 0.000 
Error 34 0.13721 0.00404   
Total 50 96.95820    
 
The ANOVA for the left thruster is summarized in Table 3. The P-value is the probability that quantifies the strength of 
the evidence against the null hypothesis,ܪͲ, in favour of the alternate hypothesis, ܪͳ, as shown in (1). The smaller the P-
value, the stronger is the evidence. Table 3 clearly shows that the P-value (for PWM) is very small. Therefore the PWM 
values strongly significantly affect the thrust produced by the left thruster.  
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               Table 4. ANOVA for the right thrusters 
Source of Variation Degree of 
Freedom 
Sum of Squares Mean Square F0 P-Value 
PWM 16 110.0371 6.8773 691.16 0.000 
Error 34 0.3383 0.0100   
Total 50 110.3754    
 
The ANOVA for the right thruster is summarized in Table 4. The P-value is also small. Therefore the PWM values also 
strongly significantly affect the thrust produced by the right thruster. 
3.2. Fisher Least Significant Different (LSD) Method 
The Fisher LSD method was used to study the difference between the means of every pair of PWM values.    The null 
and alternate hypotheses are shown in (2); 
 
ܪͲǣߤ݅ ൌ ߤ݆ ሺʹሻ 
ܪͳǣߤ݅ ് ߤ݆  
Ifหݕത݅ െ ݕത݆ ห ൐ ܮܵܦ, then the means ߤ݅and ߤ݆  differ, ݕത݅ and ݕത݆  are the average thrusts for the ith and jth levels of PWM. 
ܮܵܦ ൌ ݐߙ
ʹ ǡܰെܽ
ටʹܯܵܧ݊ ሺ͵ሻ  
Where,  
a= no. of PWM level =17  
n= no. of replications =3 
N= a x n = 17 x 3= 51 
MSE = Mean Square Error 
For the left thruster, the LSD can be computed as shown below;  
ܮܵܦ ൌ ݐͲǤͲͷȀʹǡ͵ͶඨͲǤͲͲͶͲͶ כ ሺ
ʹ
͵ሻ 
ܮܵܦ ൌ ʹǤͲ͵ʹ כ ͲǤͲͷͳͻ 
ൌ ͲǤͳͲͷͷ 
From the t distribution table, ݐͲǤͲͷȀʹǡ͵Ͷ is equals to 2.032 and ܯܵܧ  value is equals to 0.00404 (Table 3). Thus, any 
หݕത݅ െ ݕത݆ ห that exceeds 0.1055 indicates that the pair of means is significantly different. By comparing all the pairs of means 
using Minitab software, only ȁݕത͵Ͳ െ ݕത͵ͷȁ value is below 0.1055. Therefore, the mean thrusts produced by different PWM 
values are significantly different except for the 30 % and 35% PWM values. 
For right thruster, the LSD can be computed as shown below; 
ܮܵܦ ൌ ݐͲǤͲͷȀʹǡ͵ͶඨͲǤͲͳͲͲ כ ሺ
ʹ
͵ሻ 
ܮܵܦ ൌ ʹǤͲ͵ʹ כ ͲǤͲͺͳ͸ 
ൌ ͲǤͳ͸ͷͺ 
From the t Distribution table,  ݐͲǤͲͷȀʹǡ͵Ͷ  is equals to 2.032 and ܯܵܧ  value is equals to 0.0100 (Table 4). Thus, anyหݕത݅ െ
ݕത݆ ȁ that exceeds 0.1658 indicate that the pair of means is significantly different. By comparing all the pairs of means using 
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Minitab software, the differences for all pairs of means exceed 0.1658. Therefore, the thrusts produced by all PWM values 
are significantly different 
3.3. Regression Model 
The graphs of the fitted regression lines between PWM values and thrust produced by both thrusters are shown in Fig 3 
and Fig 4.   
 
Fig.3. Graphs of Fitted Regression Lines between Thrust (Kg) and PWM Values (%) for left thruster 
 
Fig.4. Graphs of Fitted Regression Lines between Thrust (Kg) and PWM Values (%) for right thrusters 
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From above graphs, the relations between PWM value and thrust produced by both thrusters can be represented by the 
equations below; 
ܮ݂݁ݐ݄ܶݎݑݏݐሺܭ݃ሻ ൌ ͲǤͲͷͷͻͻ כ ܹܲܯെ ͲǤͻ͹͸͹ 
ܴ݄݅݃ݐ݄ܶݎݑݏݐሺܭ݃ሻ ൌ ͲǤͲͷͻ͹Ͳ כ ܹܲܯെ ͲǤͻ͹͹͹ 
Based on the equations, if the PWM value is set to 40%, the left thrust will be equal to 1.3 kg and the right thrust will be 
equal to 1.4 kg. The thrust produced by both thrusters are similar. The same can be said for PWM values between 20% and 
95% (inclusive). When PWM increases by 1%, trust increases by around 0.06 kg. Therefore, when PWM increases by 5 %, 
trust increases by 0.27995. However, the increase in thrust from 90% to 95 % PWM is greater than 0.28). Therefore, thrust 
produced by both thrusters is   unstable at high PWM value.  
Conclusion 
The use of the Design of Experiment method in this experiment has provided sound conclusions from the experimental 
data. The ANOVA analysis shows that the thrust produced by both thrusters are significantly influenced by the PWM value. 
The regression analysis indicates that both thrusters are identical in terms of the amount of thrust produced at different 
PWM values when values are between 20 to 90%.  
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